Abstract. Some of the current clinical and biomechanical data suggest that vertebroplasty causes the development of adjacent vertebral fractures shortly after augmentation. These findings have been attributed to high injection volumes as well as high Young's moduli of PMMA bone cements compared to that of the osteoporotic cancellous bone. The aim of this study was to evaluate the use of castor oil as a plasticizer for PMMA bone cements. The Young's modulus, yield strength, maximum polymerization temperature, doughing time, setting time and the complex viscosity curves during curing, were determined. The cytotoxicity of the materials extracts was assessed on cells of an osteoblast-like cell line. The addition of up to 12 wt% castor oil decreased yield strength from 88 to 15 MPa, Young's modulus from 1500 to 446 MPa and maximum polymerization temperature from 41.3 to 25.6
Introduction
Poly(methyl methacrylate) (PMMA) bone cements are widely used in clinics for vertebral augmentation procedures such as vertebroplasty (VP) and balloon kyphoplasty (BKP) [1] . Vertebral augmentation with PMMA, greatly increases the Young's modulus of the treated vertebra, as its modulus is much higher than the surrounding osteoporotic cancellous bone [2] [3] [4] . Some examples of commercial acrylic bone cements that are used for VP and their correspondent compressive moduli (E) are: Simplex ® P (Stryker, Kalamazoo, MI, USA) (E = 1590 MPa; 2910 MPa) [5, 6] ; Osteopal ® G (Heraeus GmbH, Hanau, Germany) (E = 1740 MPa) [5] ; and Vertecem (Synthes, Inc., West Chester, PA, USA) (E = 1837 MPa) [7] . The product KyphX ® HV-R™ (Kyphon Inc., Sunnyvale, CA, USA) (E = 3700 MPa) [6] is used for balloon kyphoplasty. An ideal bone cement should have a Young's modulus which is low enough to resemble that of the cancellous bone, while maintaining sufficient yield strength (σ y ) to resist the axial stresses supported by the spine. The axial σ y has been reported to range between 2.5-15 MPa and 0.1-8 MPa for normal and osteoporotic cancellous bone, respectively [8] . Additionally, the axial E ranges between 100-500 and 0.1-280 MPa, respectively [8] .
During the past fifteen years, many researchers have related vertebroplasty using high-modulus acrylic bone cements, with the incidence of adjacent vertebral fractures. In 1997 Grados et al. [9] examined 40 patients that were treated with VP between 1990 and 1996. The results showed that there was a significantly increased probability of fracture in the area surrounding the augmented vertebra. Uppin et al. [10] evaluated 177 patients treated with VP after 2 years, and concluded that a considerable amount of patients with osteoporosis develop further fractures, and that two-thirds of these fractures take place in the adjacent vertebral bodies. Trout et al. [11] studied the risk and timing of fractures following VP in 432 patients and concluded that VP increases the chance of developing adjacent vertebral fractures, and those occur sooner than the non-adjacent ones. More recently, Chen et al. [12] proposed that cement leakage into the disk might be the cause of adjacent fractures based on a retrospective study on 138 patients that underwent VP. Biomechanical studies have been performed by Baroud et al. [13, 14] , where it was concluded that the maximum filling approach and an inward bulge of the endplate adjacent to the augmented vertebra might contribute to adjacent fractures. Berlemann et al. [15] analyzed 10 pairs of human cadaveric vertebrae, in which one vertebra of each pair was fully augmented with low-viscosity bone cement. The results gave lower failure strength for treated pairs compared to untreated ones; moreover, in each pair, the non-treated vertebra fractured. Wilcox et al. [16] performed finite element modeling of a lumbar L2-L3 spinal unit by simulating VP with different volumes of cement. The results indicated that there is an increased risk of adjacent fractures after VP and that it increases with the volume of injected cement.
Not all investigations support the conclusions that VP directly leads to an increased risk of adjacent fractures; Klazen et al. [17] e.g., report that the initial number of fractures is a more critical factor. The previously cited literature nevertheless provides a compelling reason for the development of low-modulus bone cements, leading to a significant amount of work in this direction. Boger et al. [18] compared the performance of cadaveric vertebral pairs treated with low-modulus and regular cement and concluded that, by using low-modulus cement, the failure strength of the adjacent segments was maintained closer to initial levels. They later introduced porosity into commercial PMMA cements, by incorporating a high viscosity solution of hydroxypropylmethyl cellulose, to decrease the Young's modulus in a controlled manner [19] . The results showed that E could be decreased from 2800 ± 70 to 120 ± 150 MPa when increasing the amount of aqueous phase; however, the maximum compression strength (σ max ) also decreased from 170 ± 5 to 8 ± 9 MPa [19] . The use of these types of cements in orthopedics still remains to be assessed. Similar low-modulus cement was prepared by incorporating a sodium hyaluronate solution into commercial PMMA cement [7] . This formulation showed a reduction of E from 1837 ± 65 to 47 ± 26 MPa, σ max from 91.0 ± 5.3 to 1.3 ± 1.0 MPa, and maximum polymerization temperature (T max ) from 68 ± 4 • C to 35 ± 1 • C, when increasing the amount of sodium hyaluronate solution [7] . However, it exhibited particle release that was much higher than in regular bone cement, which prevented it from further in vitro and in vivo studies [20] . Recently, Lam et al. [21] proposed a PMMA cement formulation containing strontium-substituted hydroxyapatite-nanoparticles with 15 vol% linoleic acid. This formulation exhibited a reduction of E from 2142 ± 129 to 774 ± 70 MPa while maintaining relatively similar values of σ max , which varied from 63 ± 2 to 49 ±2 MPa [21] . Nonetheless, negative cytotoxic effects were reported due to lower monomer conversion, and N,N-dimethyl-p-toluidine release from the materials containing linoleic acid [21] .
Chemically modified (e.g., epoxidized) and unmodified vegetable oils are used as plasticizers for poly(vinyl chloride) [22] , and natural rubber [23] . The selection of castor oil was based on that it was expected to lower the T g of PMMA by accommodating within the polymer network, thereby reducing intermolecular interactions and cohesion [24] . Even though the study by Lam et al. [21] was not published at the time that castor oil was chosen for the present study, castor oil has a lower content of double bonds per mole than linoleic acid, which makes it less susceptible to radical attack than linoleic acid. The castor seed oil (castor oil) is a type of triglyceride extracted from the seeds of Ricinus communis. The Food and Drug Administration (FDA) and the Joint Food and Agriculture Organization (FAO)/World Health Organization (WHO), generally recognize castor oil as safe. It is commonly used in cosmetics and as a laxative [25] . Castor oil is also applied in polymer science as natural precursors for the synthesis of various types of bio-based polymers [26] and is approved as a plasticizer for rubber items used in the food industry [25] . Furthermore, its sustainability, solubility in methyl methacrylate (MMA) monomer, and relatively high boiling point (313 • C) give it potential as a natural plasticizing agent to develop lowmodulus PMMA bone cement. Castor oil molecules are small enough to arrange themselves between the polymer chains and reduce the modulus by increasing the fluidity of the cured material.
The aim of this study was to evaluate the feasibility of using castor oil as a plasticizer to obtain lowmodulus PMMA bone cements. The mechanical properties of interest were the compressive modulus, and the compressive yield strength (σ y ). The effect of castor oil on the curing properties was assessed in terms of the doughing time (t dough ), the setting time (t setting ), the maximum polymerization temperature (T max ), and the curing profiles, namely, the complex viscosity-versus-time (η * -t) curves. Finally, the cytotoxicity of extracts from the different formulations was tested on cells of the osteoblast-like cell line MG63. The alamarBlue ® assay was used to assess the cell viability, whereas the cell morphological changes were investigated by Scanning Electron Microscopy (SEM).
Materials
All chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) unless otherwise stated. The commercially available bone cement Osteopal ® V (Heraeus Medical GmbH, Hanau, Germany), was used in all experiments. The powder phase is composed of 54.6 wt% poly(methyl acrylate-co-methyl methacrylate), 45.0% zirconium dioxide, 0.4% benzoyl peroxide and an unspecified amount of chlorophyll VIII. The liquid phase is composed of 92 wt% methyl methacrylate, 2 wt% N,N-dimethyl-p-toluidine and 6 wt% other additives (i.e., chlorophyll VIII and hydroquinone). The liquid-to-powder ratio (without the castor oil) was maintained at 0.38 ml/g as specified by the fabricant. Castor oil was used without further modification.
Methods

Specimen preparation
One group of unmodified specimens and three groups of modified specimens were prepared, where the modified specimens contained 2.5, 7.5 or 12 wt% of castor oil. The specimens were identified as OPV, OPV2.5, OPV7.5 and OPV 12.0, respectively. The modified liquid phases were made by dissolving an appropriate amount of castor oil in the liquid phase by rotary motion using a Vortex-Genie 2 (Scientific Industries, Inc., Bohemia, NY, USA). The specimens were prepared by adding the liquid phase to the powder phase in a glass mortar and mixing with a metal spatula for 30 s. These mixtures were used to prepare specimens for the compression tests, to determine the curing properties, and to perform rheology. The cement preparation for the cytotoxicity tests is described in the cytotoxicity assays section.
Compression tests
The specimens for the compression tests were made in Teflon ® molds and have a size of 6 mm diameter and 12 mm height as stipulated in ASTM F451-08 [27] standard. The specimens were stored at T = 21 ± 1 • C, and tested after 24 h using an AGS-H universal materials testing machine (Shimadzu, Kyoto, Japan) at a crosshead displacement rate of 25.4 mm/min. The properties E and σ y were obtained from the load-versus-displacement curves.
Curing properties
The t dough , t setting and T max were determined as described in ASTM F451-08 standard.
Rheometry
The progress of the viscosity during cement curing was assessed in the form of η * -t curve. A stresscontrolled rheometer (AR2000; TA instruments, New Castle, DE, USA) equipped with a parallel-plate geometry, was used in a time-sweep step mode at a constant frequency of 5 Hz. The upper titanium plate had a diameter of 19 mm and the gap was set at 1500 µm. The displacement amplitude was 5 × 10 −4 rad and the temperature of the lower plate was maintained at 23 • C [28] .
Cytotoxicity assays
MG-63 human osteoblast-like cells (HPACC, Salisbury, UK) were expanded in DMEM/F12 culture medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were cultured in 75 cm 2 flasks and incubated at 37 • C in a humidified atmosphere with 5% CO 2 . At confluence, the cells were detached using trypsin/EDTA. The cells were then plated into 24-well culture-plates at a density of 30,000 cells/cm 2 and cultured for 24 h before starting the cytotoxicity assays.
The cytotoxicity of extracts was assessed according to the ISO-10993 standard [29] . The extracts from five different types of specimens were tested. The specimen preparation was done under sterile conditions. The castor oil was filtered using a 0.45 µm syringe-filter prior to use. The first three specimens corresponded to one unmodified cement (OPV) and two modified cements with 7.5 (OPV7.5), and 12.0 wt% (OPV12.0) castor oil; the other two specimens corresponded to two cements modified with 7.5 (OPV7.5(a)), and 12.0 wt% (OPV12.0(a)) castor oil, in which the castor oil was added 15 s after the commencement of mixing. The purpose of this practice was to find possible time and dissolution effects of castor oil when the polymerization had already started. The materials OPV7.5 and OPV12.0 were chosen for the cytotoxicity assays since these exhibited the most prominent property changes respect to OPV. The cement specimens were produced in 50 ml tubes by adding the liquid phase into the powder phase. A cap vibrator (Ivoclar Vivadent AB, Solna, Sweden) was used to mix the two phases during a total of 30 s in all cases. After 2.5 min from the commencement of mixing, the culture medium (see above) was added to the tubes at a cement-to-medium ratio of 200 mg/ml. The extraction was done in an incubator over 24 h at 37 • C. The extraction media were subsequently filtered with a 0.20 µm syringefilter and added to the cells. The cells were kept in the media for 1 day and 3 days, respectively. The recovery group corresponded to cells whose medium was replaced by standard medium after 1 day of cultivation. The cell viability was assessed at day 1 and day 3 (including the recovery group) using the alamarBlue ® viability assay (Invitrogen Corporation, Carlsbad, CA, USA) according to the instructions from the supplier.
Scanning electron microscopy
The specimens for SEM were produced by plating, and culturing the cells on Thermanox™ cover slips as described above. The media were aspirated after 1 and 3 days, the specimens were rinsed twice in Hank's balanced salt solution (HBSS), and the cells were fixed in a solution of 2.5% glutaraldehyde in HBSS for at least 24 h. The cells were washed again in HBSS and dehydrated in a series of aqueous ethanol solutions (10, 30, 50, 70, 90 and 100%) for 10 min each. Desiccation of cells was carried out in hexamethyldisilazane/ethanol solutions (1:2, 2:1) and pure hexamethyldisilazane for 15 min each. The specimens were dried in a fume hood and sputter-coated with a 5 nm layer of palladium prior to SEM investigations. The images were only intended for morphological analysis, and thus taken from areas with similar cell density.
Statistical analysis
Statistical analysis was done in IBM SPSS Statistics 19 (IBM, Chicago, IL, USA) using ANOVA at a significance level of α = 0.05. Tamhane's post-hoc test was used since equal variance could not be confirmed.
Results
Compression tests
The results of the compression tests are shown in Fig. 1 . The statistical analysis gave p 0.02 for both σ y and E in all cases, indicating statistically significant differences between OPV and the other groups containing castor oil.
Curing properties
The curing properties are shown in Fig. 2 . Tamhane's test for T max showed statistically significant differences between the groups OPV and OPV7.5, and OPV and OPV12.0 (p 0.01). The doughing time could not be determined for OPV7.5 and OPV12.0 since no fibers were formed between the glove and the dough. The analysis for t setting showed no significant differences between the groups (p 0.05).
Rheometry
Typical η * -t profiles for the different formulations are shown in Fig. 3. 
Cytotoxicity assays
The results of the alamarBlue ® viability assay are shown in Fig. 4 . The statistical analysis revealed the following: (a) increasing the concentration of castor oil significantly (p 0.02) lowered the cell viability with respect to OPV in all cases except OPV7.5(a) at day 3 (p = 0.30); (b) for 7.5% castor oil, there were no significant differences (p = 1.00) between pre-dissolving it in the liquid and adding it later; (c) for 12.0% castor oil in the day 1, there was a significant difference between pre-dissolving it and adding it later (p = 0.01), whereas for day 3 and the recovery group, the differences can be considered non-significant (p 0.05).
Scanning electron microscopy
The SEM images of the cells at day 1 are shown in Fig. 5 .
Discussion
Some of the current clinical and biomechanical data support the hypothesis that VP with PMMA is the cause of further development of fractures in adjacent vertebrae. One possible explanation to this is the high Young's modulus-disparity between commercially available PMMA bone cements, and the naturally occurring cancellous bone. This difference results in local stiffening, and abnormal load transfer, in particular when maximum filling is used in surgery [15, 16] . Therefore, low-modulus cements may improve the outcome of VP. In this study we evaluated the use of castor oil as a natural plasticizer for PMMA bone cement. PMMA bone cement has two main effects following VP: (a) axial stiffening, and (b) axial strengthening [4] , which are related to E and σ y of the cement, respectively. As previously stated, a cause of adjacent vertebral fractures after VP may be the high E of the PMMA bone cement relative to the naturally occurring cancellous bone. The compression tests (Fig. 1 ) revealed a decrease of σ y from 88 to 15 MPa as well as E from 1500 to 446 MPa, when the amount of castor oil was increased from 0 to 12.0 wt%, respectively. Unlike most commercially available bone cements, both of these modified bone cement values fell within the range of cancellous bone.
The curing properties (Fig. 2) of the PMMA bone cements containing castor oil were investigated due to their clinical importance. T max decreased significantly from 41.3 to 25.6 • C, when increasing the amount of castor oil from 0 to 12.0 wt%. This effect is beneficial since previous reports suggest that temperatures above 50 • C for more than 1 min might damage the bony tissue [30, 31] . t dough is indicative of the maximum injection or working time. t dough did not significantly change between OPV, and OPV2.5, which had t dough values of 5.8, and 5.4 min, respectively. It should be noted that t dough was not detectable at higher concentrations of castor oil when using the standard method, since the fiber formation was prevented by the oily content of the mixture. t setting is thus more useful as it is an indication of the time it takes for the bone cement to reach its maximum mechanical strength. t setting did not significantly change between any of the groups and the values were between 15.2 and 20.0 min. This suggests that the mechanical properties, and the maximum polymerization temperature could be modified towards lower values without altering the setting time of the standard formulation.
Bone cement extravasation has been shown to occur in more than 70% of the VP procedures [32] . Although this rarely result in complications, there have been reports on paraplegia, spinal cord and nerve root compression, pulmonary embolisms and even death [33] . Bone cements with appropriate η * -t behavior might have a reduced risk of extravasation. A previous in vitro study has suggested that extravasation risk might be reduced using cements with an initial viscosity of at least 100 Pa·s with a maximum of 200 Pa·s during the injection time before curing [34] . The present results showed that the time to reach a certain viscosity increased when increasing the amount of castor oil from 0 to 12.0 wt%, thereby increasing the working time. The shape of the viscosity curves also depended on the castor oil concentration. Figure 3 shows how OPV exhibited a rapid viscosity increase starting at 2 min, and reached 4744 Pa·s after 3.2 min from the commencement of the mixing. In contrast, OPV12.0 remained below 200 Pa·s up to 6 min and reached 3768 Pa·s after 14.5 min. This indicates that the addition of up to 12.0 wt% castor oil is useful to increase the time that the cement remains below a relatively low η * without affecting the t setting .
The cytotoxic effects of the extracts from the different PMMA cement formulations on MG-63 human osteoblast-like cells were assessed using the alamarBlue ® cell viability assay (Fig. 4) , and SEM micrographs (Fig. 5) . The use of all extraction media resulted in a lower viability compared to the control group. The extraction media from unmodified PMMA induced the lowest cytotoxic effect, with approximately 30% higher viability. Additionally, the viability decreased when the amount of castor oil increased. Changing the media after 1 day did not significantly improve the viability (recovery group). Thus, after an initial viability decrease due to cell death, the cell proliferation in the OPV, OPV7.5 and OPV7.5(a) groups was comparable to that of the control, and resulted in constant viability values along the 3 days. This may be related to evaporation of toxic substances from the media, which in turn supports a normal cell proliferation. In contrast, there was a trend to lower cell viability for both OPV12.0 and OPV12.0(a) after 3 days. This was related to a higher initial cytotoxic effect, which caused irreversible damage to the cells and reduced their proliferation. There were no significant differences in cell viability between OPV7.5 and OPV7.5(a). In contrast, the cell viability of the OPV12.0 group was significantly lower than when the castor oil was added after 15 s from the commencement of the mixing (OPV12.0(a)). Accordingly, it appears that it is not the presence of castor oil itself that affects the cell viability, but rather is its interference with the chemical reaction between the liquid and the powder phase.
The cell confluency corresponded to the data obtained by the alamarBlue ® assay, as seen from initial light microscopy (images not shown). However, some of the extraction media also affected the morphology of the MG-63 cells. SEM showed no appreciable difference in cell morphology between the control (standard culture medium) group (Fig. 5a) , and the OPV group (Fig. 5b) . In both cases, the cells exhibited a fibroblast-like morphology with numerous filopodia. On the other hand, the cells corresponding to the modified formulations (Fig. 5c-f) were less fibroblastic, smaller, and exhibited a cuboidal morphology. These features were less noticeable for the formulations with 7.5 wt% castor oil (Fig. 5c, e) , and more pronounced for 12 wt% castor oil (Fig. 5d, f) . The morphology of the cells did not remarkably change until day 3 (images not shown). The same was observed for the specimens of the recovery groups. Regardless, a full confluent cell monolayer was found in all specimens except for cells cultured in extracts of OPV12 and OPV12(a). The morphological change and the cell viability data indicated that the cells were irreversibly damaged during the initial contact with the material extracts of the 12.0% castor oil-containing formulations.
These cytotoxicity results suggest an increased presence of one or more toxic components in the media that are affecting cell adhesion, functionality, or structure of the cytoskeleton. The longer working time of the castor oil-modified cements may expose the cells to the monomer for longer time periods in vivo. Moreover, the castor oil might prevent polymerization of the cement to a certain extent by inhibiting one of the chemical reactions involved. For instance the phenyl radicals from the reaction between benzoyl peroxide and N,N-dimethyl-p-toluidine, could attack the double bonds in the unsaturated fatty acyl groups of castor oil. The number of these double bonds increases when increasing the concentration of castor oil, thereby consuming more radicals and leaving behind more unreacted monomer. Accordingly, increased exposure to unreacted monomer might be the cause of cell shrinkage and lower viability in the presence of castor oil. However, it should be noticed that this is a worst-case test in which the cell media are directly exposed to the materials during curing under steady conditions. The negative effects are likely to be less in vivo due to fluid buffering and a higher cell number.
Conclusions
The addition of up to 12 wt% castor oil significantly decreases σ y from 88 to 15 MPa, and E from 1500 to 446 MPa. These properties depend on the amount of castor oil and a Young's modulus closer to that of osteoporotic vertebrae was obtained. The results also show that up to 12 wt% castor oil decreases T max from 41.3 to 25.6 • C, without significantly affecting the t setting , which would allow for a milder polymerization environment. It is also found that up to 12.0 wt% castor oil modifies the viscosity of the commercial fast-setting formulation to increase its working time. However, the addition of castor oil has a negative effect on viability and morphology of osteoblastic MG-63 cells, which is considered to be due to an increased presence of unreacted methyl methacrylate monomer. Further investigations are necessary to improve the cell viability of castor oil-modified bone cements for use in vertebroplasty.
